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Abstract
We present a common chiral power-counting scheme for vector, axial-vector, scalar, and pseudoscalar WIMP–nucleon interactions,
and derive all one- and two-body currents up to third order in the chiral expansion. Matching our amplitudes to non-relativistic
effective field theory, we find that chiral symmetry predicts a hierarchy amongst the non-relativistic operators. Moreover, we
identify interaction channels where two-body currents that previously have not been accounted for become relevant.
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1. Introduction
Elucidating the nature of dark matter is one of the most
pressing challenges in contemporary particle physics and astro-
physics. Still, one of the dominant paradigms rests on a weakly-
interacting massive particle (WIMP), such as the neutralino
in supersymmetric extensions of the standard model (SM). A
WIMP can be searched for at colliders, in annihilation signals,
or in direct-detection experiments, where the recoil energy de-
posited when the WIMP scatters off nuclei is measured. Recent
years have witnessed an impressive increase in sensitivity, e.g.,
from XENON100 [1], LUX [2], and SuperCMDS [3], which
will further improve dramatically with the advent of ton-scale
detectors, XENON1T [4] and LZ [5]. In the absence of a sig-
nal, direct-detection experiments provide more and more strin-
gent constraints on the parameter space of WIMP candidates.
To derive these constraints and to interpret a future signal, it
is mandatory that the nucleon matrix elements and the nuclear
structure factors, which are required when transitioning from
the SM to the nucleon to the nucleus level, be calculated sys-
tematically and incorporate what we know about QCD.
Effects at the level of the nucleus can be described by an
effective field theory (EFT) whose degrees of freedom are non-
relativistic (NR) nucleon and WIMP fields [6, 7]. This NREFT
has been recently used in an analysis of direct-detection exper-
iments [8]. In this approach, scales related to the spontaneous
breaking of chiral symmetry of QCD are integrated out, with
the corresponding effects subsumed into the coefficients of the
EFT. In the context of nuclear forces, such an EFT is called
pionless EFT. To derive limits on the WIMP parameter space,
information from QCD has then to be included in the analysis
in a second step.
Alternatively, one can start directly from chiral EFT (ChEFT)
to incorporate the QCD constraints from chiral symmetry [9–
16], which makes predictions for the hierarchy among one-
and two-body currents. Based on ChEFT, scalar and axial-
vector two-body currents were recently considered in [10]
and [11, 12], respectively. Moreover, lattice QCD can be used
to constrain the couplings of two-body currents [17].
The goal of this Letter is to combine vector, axial-vector,
scalar, and pseudoscalar interactions in a common chiral power
counting, collect all relevant one- and two-body matrix ele-
ments, and match the result onto NREFT. This combines our
knowledge of QCD at low energies: the one-body matrix ele-
ments correspond to the standard decomposition into form fac-
tors, while the two-body scalar [9, 10], vector [18–20], and
axial-vector [15, 21] currents have been calculated as well,
the vector current even at one-loop order. Here, we combine
these results for their application in direct detection, extending
the axial-vector two-body currents to finite momentum trans-
fer and generalizing to the three-flavor case where appropriate.
By matching to the NREFT, we find that the chiral symmetry
of QCD predicts a hierarchy among the different operators and
that two-body currents can be as important as one-body currents
in some channels.
2. Effective Lagrangian and kinematics
We start from the following dimension-6 and -7 effective La-
grangian for the interaction of the WIMP χ, assumed to be a
SM singlet, with the SM fields [22]
Lχ = 1
Λ3
∑
q
[
CS Sq χ¯χmqq¯q +CPSq χ¯iγ5χmqq¯q
+CS Pq χ¯χmqq¯iγ5q +CPPq χ¯iγ5χmqq¯iγ5q
]
+
1
Λ2
∑
q
[
CVVq χ¯γµχ q¯γµq +CAVq χ¯γµγ5χ q¯γµq
+CVAq χ¯γµχ q¯γµγ5q +CAAq χ¯γµγ5χ q¯γµγ5q
]
+
1
Λ2
∑
q
[
CTTq χ¯σµνχ q¯σµνq + ˜CTTq χ¯σµνiγ5χ q¯σµνq
]
+
1
Λ3
[
CSg χ¯χ αsGaµνG
µν
a + CPg χ¯iγ5χαsGaµνG
µν
a
+ ˜CSg χ¯χ αsGaµν ˜G
µν
a + ˜CPg χ¯iγ5χαsGaµν ˜G
µν
a
]
, (1)
where the Wilson coefficients Ci parameterize the effect of new
physics associated with the scale Λ (organizing the interactions
in this way assumes Λ to be much larger than the typical QCD
scale of 1 GeV). To render the scalar and pseudoscalar matrix
elements renormalization-scale invariant we included explicitly
the quark masses mq in the definition of the respective opera-
tors. We further assumed χ to be a Dirac fermion (in the Majo-
rana case, CVVq = CVAq = CTTq = 0), and defined the dual field
strength tensor as
˜Gµνa =
1
2ǫ
µνλσGaλσ, (2)
with sign convention ǫ0123 = +1. Compared to the operator
basis used in [23] we do not include the dimension-8 opera-
tors related to the traceless part of the QCD energy-momentum
tensor. As shown in [23], these operators become relevant for
heavy WIMPs and contribute to spin-independent interactions,
decreasing significantly the single-nucleon contribution. Fi-
nally, we will ignore the tensor operators in (1) and concentrate
on the chiral predictions for the V, A, S , P channels.
The kinematics for the WIMP–nucleon scattering process are
taken as
N(p) + χ(k) → N(p′) + χ(k′), (3)
the momentum transfer is defined as
q = k′ − k = p − p′, q2 = t, (4)
and the pion, η, nucleon, nucleus, and WIMP masses will be de-
noted by Mπ, Mη, mN , mA, and mχ, respectively (Dirac spinors
are normalized to 1). We will also need
P = p + p′, K = k + k′. (5)
The cross section differential with respect to momentum
transfer for the elastic WIMP–nucleus scattering process in the
laboratory frame can be expressed as
dσ
dq2
=
1
8πv2(2J + 1)
∑
spins
|MNR|2 + O
(
q0
)
, (6)
with nucleus spin J, WIMP velocity v, and NR amplitudeMNR
defined as
M = 2mA2mχMNR + O
(
q2
)
, (7)
where M is the relativistic scattering amplitude. In the Majo-
rana case, (6) receives an additional factor of 4.
3. Chiral power counting
We use the standard chiral power counting [24, 25]
∂ = O(p), mq = O(p2), aµ, vµ = O(p), (8)
with axial-vector and vector sources aµ and vµ. The velocity
distribution in dark matter halo models indeed suggests to count
the momentum transfer q . Mπ as O(p) [10]. In the baryon
sector we depart from the standard counting in chiral pertur-
bation theory (ChPT) and adopt the more conventional ChEFT
assumption (see, e.g., [26–28]) for the scaling of relativistic cor-
rections
∂
mN
= O(p2). (9)
This counting is appropriate for a break-down scale around
500 MeV. As far as the WIMP is concerned, a chiral count-
ing is only required for the NR expansion of the spinors. We
assume the same counting as in the nucleon case, but display
the corresponding additional powers explicitly. If mχ & mN ,
the suppression will be more pronounced, for Mπ . mχ . mN
the counting should be adapted, and for even smaller mχ the
naive counting breaks down.
For most of the channels it suffices to consider the leading-
order Lagrangian to determine at which chiral order a given
contribution starts. For the one-body matrix elements higher
orders are subsumed into the nucleon form factors, which are
obtained by their chiral expansion or could be taken from phe-
nomenology. In this work, we consider all contributions up
to O(p3). Since the leading two-body terms start at O(p2),
this leaves the possibility that the next-to-leading-order (NLO)
pion–nucleon Lagrangian involving the low-energy constants
ci [29] could be required, and this is indeed the case for the spa-
tial component of the axial-vector current [11, 12] (indicated by
“2b NLO” in Table 1). In the same channel, NN contact terms
di [30] enter. We define both ci and di in the conventions of [21]
(with dimensionless c6 and c7).
As a preview of our results, the leading chiral orders of one-
and two-body currents for time and space components of the
axial-vector and vector currents, as well as for the scalar and
pseudoscalar operators, are listed in Table 1. The suppression
by two powers (“+2”) originating from the WIMP spinors is
displayed separately. In the following sections, we give results
for all one- and two-body currents involved in Table 1.
4. Nuclear matrix elements
4.1. Scalar
At zero momentum transfer the scalar couplings of the heavy
quarks Q = c, b, t can be determined from the trace anomaly of
the QCD energy-momentum tensor [31]
θ
µ
µ =
∑
q
mqq¯q +
βQCD
2gs
GaµνG
µν
a , 〈N|θµµ|N〉 = mN ,
βQCD
2gs
= −
(
11 − 2Nf3
)
αs
8π + O
(
α2s
)
. (10)
For Nf = 3 active flavors, one obtains
〈N|mQ ¯QQ|N〉 = − αs12π 〈N
∣∣∣GaµνGµνa ∣∣∣N〉 = mN f NQ , (11)
where
f NQ =
2
27
(
1 −
∑
q=u,d,s
f Nq
)
, mN f Nq = 〈N|mqq¯q|N〉. (12)
2
Nucleon V A
WIMP t x t x
1b 0 1 + 2 2 0 + 2
V 2b 4 2 + 2 2 4 + 2
2b NLO – – 5 3 + 2
1b 0 + 2 1 2 + 2 0
A 2b 4 + 2 2 2 + 2 4
2b NLO – – 5 + 2 3
Nucleon S P
WIMP
1b 2 1
S 2b 3 5
2b NLO – 4
1b 2 + 2 1 + 2
P 2b 3 + 2 5 + 2
2b NLO – 4 + 2
Table 1: Left: leading chiral order of time (t) and space (x) components of the WIMP and nucleon currents for vector and axial-vector interactions, for one-body
(1b) and two-body (2b) operators. For the axial-vector nucleon operator, terms involving vertices from the NLO chiral Lagrangian (indicated by “2b NLO”) need
to be included (see main text for details). The second number (“+2”) refers to the additional suppression originating from the NR expansion of the WIMP spinors,
if momentum over WIMP mass is counted in the same way as for the nucleon mass. Right: leading chiral order of the WIMP and nucleon currents for scalar and
pseudoscalar interactions.
Therefore, at leading order in αs the effect of integrating out the
heavy quarks can be absorbed into a redefinition of CSg
C′Sg = CSg −
1
12π
∑
Q=c,b,t
CS SQ . (13)
For the u- and d-quarks the couplings are intimately related to
the pion–nucleon σ-term σπN [32]
f Nu =
σπN (1 − ξ)
2mN
+ ∆ f Nu , f Nd =
σπN(1 + ξ)
2mN
+ ∆ f Nd , (14)
with ξ = md−mu
md+mu
= 0.36 ± 0.04 [33] and corrections ∆ f N
u,d
related to the strong proton–neutron mass difference via the
low-energy constant c5. For the strange quark, the most ac-
curate determination comes from lattice QCD [34]. The above
O(αs) analysis may not be accurate enough for the charm quark,
see [23, 35, 36] for a study of higher orders in αs.
This analysis generalizes to finite t if one defines
mN f Nq (t) = 〈N(p′)|mqq¯q|N(p)〉, θN0 (t) = 〈N(p′)|θµµ|N(p)〉,
f NQ (t) =
2
27
(θN0 (t)
mN
−
∑
q=u,d,s
f Nq (t)
)
, (15)
and replaces f Nq → f Nq (t), f NQ → f NQ (t) accordingly.
The chiral expansion of σπN starts with
σπN = −4c1M2π + O
(
p3
)
, (16)
in line with the O(p2) listed in Table 1 for the scalar one-body
current. Note, however, that the power 2 does not imply a
momentum-dependent coupling in this case, but a quark-mass
suppression. As far as the t-dependence is concerned, the slope
of the scalar form factors is dominated by ππ scattering, which
is known to not be adequately described by ChPT, but to require
a reconstruction based on dispersion relations [37–39]. The t-
dependence generated by other sources but light-quark scalar
form factors was shown to be higher order in the chiral expan-
sion in [10].
Defining
fN(t) = mN
Λ3
( ∑
q=u,d,s
CS Sq f Nq (t) − 12π f NQ (t)C′Sg
)
, (17)
the NR one-body matrix element for the scalar channel be-
comes1
MS S1,NR = χ†r′χrχ†s′ fN (t)χs, (18)
where χr,s (χr′,s′) are NR spinors for the incoming (outgoing)
WIMP and nucleon, respectively. MPS1,NR is of higher chiral or-
der since the NR reduction of γ5 produces a term −σ · q/(2mχ),
which we count as O(p2) for mχ & mN .
4.2. Vector
The decomposition of the vector current at the quark level
reads
〈N(p′)|q¯γµq|N(p)〉 = 〈N′|γµFq,N1 (t) −
iσµν
2mN
qνFq,N2 (t)|N〉, (19)
where the sign of the Pauli term is due to the convention in (4).
To obtain a flavor decomposition of the vector current, one usu-
ally assumes isospin symmetry (corrections can again be calcu-
lated in ChPT [41]):
Fu,pi (t) = Fd,ni (t), Fd,pi (t) = Fu,ni (t), F s,pi (t) = F s,ni (t).
(20)
In this way, one obtains
Fu,pi (t) = Fd,ni (t) = 2FEM,pi (t) + FEM,ni (t) + F s,Ni (t),
Fd,pi (t) = Fu,ni (t) = FEM,pi (t) + 2FEM,ni (t) + F s,Ni (t), (21)
with electromagnetic form factors FEM,Ni (t). At vanishing mo-
mentum transfer this defines the vector couplings
〈N|q¯γµq|N〉 = f NVq〈N|γµ|N〉, f pVu = f nVd = 2 f
p
Vd = 2 f nVu = 2.(22)
1The nucleon spinors include isospin indices according to χ†
s′ fN (t)χs ≡
1
2χ
†
s′
[( fp(t)+ fn(t))1+ ( fp(t) − fn(t))τ3]χs. The Wilson coefficients match onto
the conventions of [40] by means of the identification fN (0) =
√
2GFc0 .
3
Corrections to (22) can be worked out in terms of magnetic mo-
ments µN = QN +κN , electric radii 〈r2E〉N , as well as strangeness
moments µsN = κ
s
N and radii 〈r2E,s〉N , explicitly
Fu,p1 (t) = 2 + 2
( 〈r2E〉p
6 −
κp
4m2p
)
t +
( 〈r2E〉n
6 −
κn
4m2n
)
t
+
( 〈r2E,s〉N
6 −
κs
4m2N
)
t + O(t2),
Fd,p1 (t) = 1 +
( 〈r2E〉p
6 −
κp
4m2p
)
t + 2
( 〈r2E〉n
6 −
κn
4m2n
)
t
+
( 〈r2E,s〉N
6 −
κs
4m2N
)
t + O(t2),
F s,N1 (t) =
( 〈r2E,s〉N
6 −
κsN
4m2N
)
t + O(t2),
Fu,N2 = κN + O(t), Fd,N2 = −κN − κsN + O(t),
F s,N2 = κ
s
N + O(t), (23)
with the Sachs form factors
GNE (t) = FN1 (t) +
t
4m2N
FN2 (t) = QN +
〈r2E〉N
6 t + O
(
t2
)
,
GNM(t) = FN1 (t) + FN2 (t) = µN
(
1 +
〈r2M〉N
6 t
)
+ O(t2). (24)
The NR one-body matrix elements involving a nucleon vec-
tor current are
MVV1,NR = χ†r′χrχ†s′
[
f V,N1 (t) −
q
4m2N
·
(
q − iσ × P
)
f V,N2 (t)
]
χs
+
1
2mχ
χ
†
r′
[
K + iσ × q
]
χr · 12mN
χ
†
s′ iσ × q f V,N2 (t)χs,
MAV1,NR =
1
2mχ
χ
†
r′σ · Kχrχ†s′ f A,N1 (t)χs
− χ†r′σχr ·
1
2mN
χ
†
s′
[(
P − iσ × q
)
f A,N1 (t) − iσ × q f A,N2 (t)
]
χs,
(25)
where
f V,Ni (t) =
1
Λ2
∑
q=u,d,s
CVVq F
q,N
i (t),
f A,Ni (t) =
1
Λ2
∑
q=u,d,s
CAVq F
q,N
i (t). (26)
4.3. Axial vector
The decomposition of the axial-vector current at the quark
level reads (see, e.g., [42, 43])
〈N(p′)|q¯γµγ5q|N(p)〉 = 〈N′|γµγ5Gq,NA (t) − γ5
qµ
2mN
Gq,NP (t)
− iσ
µν
2mN
qνγ5Gq,NT (t)|N〉. (27)
Gq,NT (t) corresponds to a second-class current [44], i.e., it vio-
lates G-parity, and will be ignored in the following. At vanish-
ing momentum transfer only Gq,NA contributes. Its coefficients
are conventionally defined as
〈N(p)|q¯γµγ5q|N(p)〉 = ∆qN〈N|γµγ5|N〉, (28)
and isospin symmetry is assumed
∆up = ∆dn, ∆un = ∆dp, ∆sp = ∆sn. (29)
The combinations
a
p
3 = −an3 = ∆up − ∆dp = gA,
aN8 = ∆u
N + ∆dN − 2∆sN = 3F − D, (30)
are determined by the axial charge of the nucleon in the case of
a3, or can be inferred from semileptonic hyperon decays for a8,
yielding D ≈ 0.8, F ≈ 0.46. The third combination
∆ΣN = ∆uN + ∆dN + ∆sN (31)
is related to the spin structure function of the nucleon, it is not
a scale-independent quantity. At Q2 = 5 GeV2 and O(α2s) the
following values were obtained in [45]
∆up = 0.842 ± 0.012, ∆dp = −0.427 ± 0.013,
∆sp = −0.085 ± 0.018. (32)
Besides the coefficients at zero also the momentum dependence
of the flavor combinations
A3µ = ¯Qγµγ5
λ3
2
Q = 1
2
(
u¯γµγ5u − ¯dγµγ5d
)
,
A8µ = ¯Qγµγ5
λ8
2
Q = 1
2
√
3
(
u¯γµγ5u + ¯dγµγ5d − 2s¯γµγ5s
)
, (33)
can be analyzed in SU(Nf) ChPT, but due to the anomalously
broken U(1)A current this is not the case for the isoscalar com-
ponent. One obtains
〈N(p′)|A3µ|N(p)〉 = 〈N′|
(
γµγ5G3A(t) − γ5
qµ
2mN
G3P(t)
)
τ3
2
|N〉,
〈N(p′)|A8µ|N(p)〉 = 〈N′|
(
γµγ5G8A(t) − γ5
qµ
2mN
G8P(t)
)1
2
|N〉,
(34)
with leading-order results
G3A(t) = gA, G8A(t) =
3F − D√
3
≡ g8A,
G3P(t) = −
4m2NgA
t − M2π
, G8P(t) = −
4m2Ng
8
A
t − M2η
. (35)
Empirically, the momentum dependence of G3A(t), extracted
from neutrino scattering off nucleons and charged-pion elec-
troproduction, follows a dipole fit
G3A(t) =
gA
(1 − t/M2A)2
, (36)
4
with mass parameter MA around 1 GeV [42, 43]. Since for gen-
eral t the flavor structure cannot be inverted without additional
input for the singlet component, we decompose the quark sum
according to2∑
q
CAAq G
q,N
A,P(t) = CAA0 G0A,P(t) +CAA3 G3A,P(t)τ3 +CAA8 G8A,P(t),
(37)
with
CAA0 =
1
3
[
CAAu + CAAd + C
AA
s
]
, CAA3 =
1
2
[
CAAu −CAAd
]
,
CAA8 =
√
3
6
[
CAAu +CAAd − 2CAAs
]
, (38)
and define
gNA,P(t) =
1
Λ2
[
CAA0 G
0
A,P(t) +CAA3 G3A,P(t)τ3 +CAA8 G8A,P(t)
]
. (39)
In terms of these quantities, the NR amplitude reads
MAA1,NR = −χ†r′σχr · χ†s′
[
σgNA (t) −
q
4m2N
σ · qgNP (t)
]
χs. (40)
Similarly, for the VA channel we define
hNA,P(t) =
1
Λ2
[
CVA0 G
0
A,P(t) +CVA3 G3A,P(t)τ3 +CVA8 G8A,P(t)
]
, (41)
to obtain
MVA1,NR = χ†r′χr
1
2mN
χ
†
s′
[
σ · PhNA (t) −
q · P
4m2N
σ · qhNP (t)
]
χs (42)
− 1
2mχ
χ
†
r′
[
K + iσ × q
]
χr · χ†s′
[
σhNA (t) −
q
4m2N
σ · qhNP (t)
]
χs.
4.4. Pseudoscalar
The pseudoscalar matrix element is usually parameterized as
〈N(p′)|mqq¯iγ5q|N(p)〉 = 〈N′|mNGq,N5 (t)iγ5|N〉. (43)
By means of the Ward identity
∑
q
∂µq¯γµγ5q =
∑
q
2imqq¯γ5q − αsNf4π G
a
µν
˜Gµνa , (44)
the corresponding form factor Gq,N5 (t) follows from G
q,N
A (t) and
Gq,NP (t), except for the singlet component, where the anomaly
does not drop out,
Gi5(t) = GiA(t) +
t
4m2N
GiP(t), i = 3, 8. (45)
Accordingly, we have
MS P1,NR = χ†r′χr
i
2
χ
†
s′σ · qgN5 (t)χs,
MPP1,NR =
1
2mχ
χ
†
r′σ · qχr
1
2
χ
†
s′σ · qhN5 (t)χs, (46)
2At vanishing momentum transfer this equation maps onto the notation
of [40] by means of ∑q CAAq ∆qN = √2GFΛ2 12 (a0 + a1τ3).
where
gN5 (t) =
1
Λ2
[
CS P3 G
3
5(t)τ3 +CS P8 G85(t)
]
,
hN5 (t) =
1
Λ2
[
CPP3 G
3
5(t)τ3 +CPP8 G85(t)
]
. (47)
5. Two-body currents
5.1. Scalar
The scalar meson-exchange currents, involving both pion and
η contributions, have been considered before in [9, 10]. The full
expression reads
MS S2,NR = −χ†r′χr
( gA
2Fπ
)2
fπM2πχ†s′1χ
†
s′2
τ1 · τ2Xπ12χs1χs2
− χ†
r′χr
( gA
2Fπ
)2(4α − 1√
3
)2
fηM2ηχ†s′1χ
†
s′2
Xη12χs1χs2 , (48)
where
Xi12 =
σ1 · q1 σ2 · q2(
q21 + M
2
i
)(
q22 + M
2
i
) , i = π, η, (49)
pion decay constant Fπ = 92.2 MeV [46], χsi (χs′i ) denote NR
spinors for the incoming (outgoing) nucleons, with momenta pi
(p′i), qi = p′i − pi, α = F/(D + F), and the Wilson coefficients
are collected in
fπ = 1
Λ3
∑
q=u,d
CS Sq f πq , fη =
1
Λ3
∑
q=u,d,s
CS Sq f ηq , (50)
with scalar meson couplings
f πu =
mu
mu + md
= 0.32±0.03, f πd =
md
mu + md
= 0.68±0.03,
(51)
and
f ηu = 13
mu
mu + md
M2π
M2η
= (6.9 ± 0.4) × 10−3,
f ηd =
1
3
md
mu + md
M2π
M2η
= (14.7 ± 0.4) × 10−3,
f ηs = 23
M2K0 + M
2
K+ − M2π
M2η
= 1.05. (52)
One particular feature of the scalar two-body currents is that
they cannot be written as a correction to the one-body coupling
fN , since the scalar couplings of pions and η mesons probe a dif-
ferent combination of Wilson coefficients [10]. For this reason,
even in the isospin limit they cannot be parameterized in terms
of a single coupling c0 as conventionally done for the one-body
currents, see e.g. [40].
5.2. Vector
The only two-body vector current up to O(p3) appears in the
AV channel
MAV2,NR = −
2
Λ2
CAV3
( gA
2Fπ
)2
χ
†
r′σχr · χ†s′1χ
†
s′2
i
[
τ1 × τ2]3
[
σ1 · q1 σ2
q21 + M2π
− σ2 · q2 σ1
q22 + M2π
+
(
q1 − q2
)
Xπ12
]
χs1χs2 . (53)
5
While the nucleon vector current itself has been studied in de-
tail before [18–20], the present application to direct detection is
new.
In fact, there are neither terms with i = 8 nor η contributions
to i = 3. The reason for this can be traced back to the operator
structure of the chiral Lagrangian: the coupling to the vector
current occurs via a commutator [vµ, φ] of vector source and
meson matrix. Expanded in Gell-Mann matrices, this leaves
SU(3) structure factors f 3i j and f 8i j, and the only non-trivial
ones, apart from the direct couplings to the nucleon that led
to (35), reduce to the SU(2) subset ǫi jk.
5.3. Axial vector
The axial-vector two-body currents are
MAA2,NR =
1
Λ2
CAA3 χ
†
r′σχr · χ†s′1χ
†
s′2
{[
gA
F2π
[
τ1 × τ2]3
[
c6
4
σ1 × q
+ c4
(
1 − q
q2 + M2π
q ·
)
σ1 × q2
]
σ2 · q2
q22 + M2π
+
2gA
F2π
τ32
[
2c1M2π
q
q2 + M2π
+ c3
(
q2 −
q
q2 + M2π
q · q2
)]
σ2 · q2
q22 + M2π
+ 2d1τ31
(
σ1 − σ1 · q qq2 + M2π
)]
+
(
1 ↔ 2)
+ 2d2
[
τ1 × τ2
]3(
σ1 × σ2
)(
1 − ·q q
q2 + M2π
)}
χs1χs2 ,
(54)
where the terms that do not contain an explicit q-dependence
(q = −q1 − q2) and the c6-term are taken from [21], while the
finite-q pion-pole corrections were derived in [15]. The AA
two-body current as in [21] has been applied in the calculation
of structure factors for spin-dependent scattering in [11, 12],
whereas the two-body current in the VA channel,
MVA2,NR = −
1
Λ2
CVA3
gA
2F2π
χ
†
r′χrχ
†
s′1
χ
†
s′2
{
i
[
τ1 × τ2
]3 σ2 · q2
q22 + M2π
+
(
1 ↔ 2)
}
χs1χs2 , (55)
has not been considered before.
For similar reasons as in the vector case there are no i = 8
or η contributions from the leading-order Lagrangian. In prin-
ciple, one could calculate corrections from the NLO SU(3)
Lagrangian, in analogy to the SU(2) result for MAA2,NR. How-
ever, there is a large number of poorly-known low-energy con-
stants (see [47] or [48] for the matching to SU(2)), which would
severely limit the predictive power.
Finally, due to the derivative in the Ward identity (44), there
are no pseudoscalar two-body currents at O(p3).
6. Matching to NREFT
Next, we express our results in terms of the operator basis
from [7]
O1 = 1, O2 =
(
v⊥
)2
, O3 = iSN · (q × v⊥),
O4 = Sχ · SN , O5 = iSχ ·
(
q × v⊥), O6 = Sχ · q SN · q,
O7 = SN · v⊥, O8 = Sχ · v⊥, O9 = iSχ ·
(SN × q),
O10 = iSN · q, O11 = iSχ · q, (56)
where S = σ/2 and the velocity is defined as
v⊥ =
K
2mχ
− P
2mN
. (57)
We find the relations
MS S1,NR = χ†r′χ†s′O1 fN (t)χrχs,
MS P1,NR = χ†r′χ†s′O10gN5 (t)χrχs,
MPP1,NR =
1
mχ
χ
†
r′χ
†
s′O6hN5 (t)χrχs,
MVV1,NR = χ†r′χ†s′
[
O1
(
f V,N1 (t) +
t
4m2N
f V,N2 (t)
)
+
1
mN
O3 f V,N2 (t)
+
1
mNmχ
(
tO4 + O6
)
f V,N2 (t)
]
χrχs,
MAV1,NR = χ†r′χ†s′
[
2O8 f A,N1 (t) +
2
mN
O9
(
f A,N1 (t) + f A,N2 (t)
)]
χrχs,
MAA1,NR = χ†r′χ†s′
[
− 4O4gNA (t) +
1
m2N
O6gNP (t)
]
χrχs,
MVA1,NR = χ†r′χ†s′
[
− 2O7 + 2
mχ
O9
]
hNA (t)χrχs. (58)
This shows that as a result of QCD effects, the operators in
the NREFT are not independent. For example, both axial and
pseudoscalar operators combine in the nuclear matrix element
MAA1,NR. In addition, up to O(p3) only 8 of the 11 operators
of (56) are present. However, because MPS1,NR itself enters only
at O(p4), they are mapped onto 7 amplitudes, so that the re-
lations cannot be inverted. This is because MAV1,NR and MVA1,NR
involve the three operators O7−9. This implies that some opera-
tors, e.g. O6, can be isolated by having a particular quark-level
interaction, but this is not possible in general, as demonstrated
by the example of O7−9. If we retain subleading corrections
in the NR expansion of the spinors, the missing operators ap-
pear, accompanied by additional combinations: O11 in terms
of MPS1,NR, O2 and O5 in MVV1,NR, O3O8 in MAV1,NR, and O7O8 in
MAA1,NR.
In the limit where mχ becomes (significantly) larger than the
nucleon mass also MPP1,NR should be dropped, as well as the
1/mχ suppressed terms in MVV1,NR and MVA1,NR. In contrast, all
two-body currents up to O(p3) are independent of mχ. They
appear in the S S , AV , AA, and VA channels.
We stress that the above discussion merely pertains to the
mapping of operator structures, it does not take into account the
evolution of the scale dependence that is required when match-
ing the coefficients of a pionless theory, valid for scales below
6
the pion mass, and ChEFT, defined at chiral scales. This in-
volves also effects related to the limitations of the “Weinberg”
counting scheme applied here [49], and would have to be taken
into account in the matching relations required for translating
NREFT coefficients to the QCD scale. In addition, there may
be effects from operator mixing, originating from the interplay
between the nucleon-spin dependence in the ChEFT WIMP–
nucleon scattering operator and that in the high-momentum part
of the ChEFT NN potential, which would also have to be con-
sidered when evolving NREFT operators to the QCD scale.
7. Summary and discussion
In this Letter, we have developed the constraints that chiral
symmetry of QCD imposes on the nuclear matrix elements that
can enter in dark matter direct detection. We provide explicit
expressions for one- and two-body currents in WIMP–nucleus
scattering for vector, axial-vector, scalar, and pseudoscalar in-
teractions up to third order in the chiral expansion. The chiral
power counting, summarized in Table 1, shows that at this order
there are two-body currents that have not been considered and
may be of similar or greater importance than some of the one-
body operators, see (53) and (55). Moreover, the matching to
NREFT shows that not all allowed one-body operators appear
at this chiral order and that the operators in the NREFT are not
independent.
The chiral power counting applies to the one- and two-
nucleon level. In nuclei, the different interactions can lead to
a coherent response that scales with the number of nucleons in
the nucleus or to a single-particle-like response. In a next step,
we will evaluate the nuclear structure factors, including the con-
tributions from two-body currents, and provide a set of response
functions for the analysis of direct-detection experiments. This
will also allow us to assess how constructive or destructive the
interference of operators based on the constraints provided by
chiral symmetry proves to be.
Acknowledgements
We thank J. Mene´ndez for useful discussions, and B. Ku-
bis, U.-G. Meißner, and M. J. Savage for comments on the
manuscript. This work was supported by BMBF ARCHES,
the DFG through Grant No. SFB 634, and the ERC Grant No.
307986 STRONGINT.
References
[1] E. Aprile et al. [XENON100 Collaboration], Phys. Rev. Lett. 109 (2012)
181301 [arXiv:1207.5988 [astro-ph.CO]].
[2] D. S. Akerib et al. [LUX Collaboration], Phys. Rev. Lett. 112 (2014)
091303 [arXiv:1310.8214 [astro-ph.CO]].
[3] R. Agnese et al. [SuperCDMS Collaboration], Phys. Rev. Lett. 112 (2014)
241302 [arXiv:1402.7137 [hep-ex]].
[4] E. Aprile et al. [XENON1T Collaboration], Springer Proc. Phys. 148
(2013) 93 [arXiv:1206.6288 [astro-ph.IM]].
[5] D. C. Malling et al., arXiv:1110.0103 [astro-ph.IM].
[6] J. Fan, M. Reece and L. T. Wang, JCAP 1011 (2010) 042
[arXiv:1008.1591 [hep-ph]].
[7] A. L. Fitzpatrick, W. Haxton, E. Katz, N. Lubbers and Y. Xu, JCAP 1302
(2013) 004 [arXiv:1203.3542 [hep-ph]].
[8] K. Schneck et al. [SuperCDMS Collaboration], [arXiv:1503.03379
[astro-ph.CO]].
[9] G. Pre´zeau, A. Kurylov, M. Kamionkowski and P. Vogel, Phys. Rev. Lett.
91 (2003) 231301 [astro-ph/0309115].
[10] V. Cirigliano, M. L. Graesser and G. Ovanesyan, JHEP 1210 (2012) 025
[arXiv:1205.2695 [hep-ph]].
[11] J. Mene´ndez, D. Gazit and A. Schwenk, Phys. Rev. D 86 (2012) 103511
[arXiv:1208.1094 [astro-ph.CO]].
[12] P. Klos, J. Mene´ndez, D. Gazit and A. Schwenk, Phys. Rev. D 88 (2013)
083516 [Erratum-ibid. D 89 (2014) 029901] [arXiv:1304.7684 [nucl-th]].
[13] L. Baudis, G. Kessler, P. Klos, R. F. Lang, J. Mene´ndez, S. Reichard and
A. Schwenk, Phys. Rev. D 88 (2013) 115014 [arXiv:1309.0825 [astro-
ph.CO]].
[14] V. Cirigliano, M. L. Graesser, G. Ovanesyan and I. M. Shoemaker, Phys.
Lett. B 739 (2014) 293 [arXiv:1311.5886 [hep-ph]].
[15] P. Klos, Master’s Thesis, Technische Universita¨t Darmstadt, 2014.
[16] L. Vietze, P. Klos, J. Mene´ndez, W. C. Haxton and A. Schwenk, Phys.
Rev. D 91 (2015) 043520 [arXiv:1412.6091 [nucl-th]].
[17] S. R. Beane, S. D. Cohen, W. Detmold, H.-W. Lin and M. J. Savage, Phys.
Rev. D 89 (2014) 074505 [arXiv:1306.6939 [hep-ph]].
[18] S. Pastore, R. Schiavilla and J. L. Goity, Phys. Rev. C 78 (2008) 064002
[arXiv:0810.1941 [nucl-th]].
[19] S. Ko¨lling, E. Epelbaum, H. Krebs and U.-G. Meißner, Phys. Rev. C 80
(2009) 045502 [arXiv:0907.3437 [nucl-th]].
[20] S. Ko¨lling, E. Epelbaum, H. Krebs and U.-G. Meißner, Phys. Rev. C 84
(2011) 054008 [arXiv:1107.0602 [nucl-th]].
[21] T. S. Park et al., Phys. Rev. C 67 (2003) 055206 [nucl-th/0208055].
[22] J. Goodman, M. Ibe, A. Rajaraman, W. Shepherd, T. M. P. Tait and
H. B. Yu, Phys. Rev. D 82 (2010) 116010 [arXiv:1008.1783 [hep-ph]].
[23] R. J. Hill and M. P. Solon, Phys. Rev. D 91 (2015) 043505
[arXiv:1409.8290 [hep-ph]].
[24] J. Gasser and H. Leutwyler, Annals Phys. 158 (1984) 142.
[25] J. Gasser and H. Leutwyler, Nucl. Phys. B 250 (1985) 465.
[26] S. Weinberg, Nucl. Phys. B 363 (1991) 3.
[27] C. Ordo´n˜ez, L. Ray and U. van Kolck, Phys. Rev. C 53 (1996) 2086
[hep-ph/9511380].
[28] E. Epelbaum, H.-W. Hammer and U.-G. Meißner, Rev. Mod. Phys. 81
(2009) 1773 [arXiv:0811.1338 [nucl-th]].
[29] V. Bernard, N. Kaiser, J. Kambor and U.-G. Meißner, Nucl. Phys. B 388
(1992) 315.
[30] T. D. Cohen, J. L. Friar, G. A. Miller and U. van Kolck, Phys. Rev. C 53
(1996) 2661 [nucl-th/9512036].
[31] M. A. Shifman, A. I. Vainshtein and V. I. Zakharov, Phys. Lett. B 78
(1978) 443.
[32] A. Crivellin, M. Hoferichter and M. Procura, Phys. Rev. D 89 (2014)
054021 [arXiv:1312.4951 [hep-ph]].
[33] G. Colangelo et al., Eur. Phys. J. C 71 (2011) 1695 [arXiv:1011.4408
[hep-lat]].
[34] P. Junnarkar and A. Walker-Loud, Phys. Rev. D 87 (2013) 114510
[arXiv:1301.1114 [hep-lat]].
[35] A. Kryjevski, Phys. Rev. D 70 (2004) 094028 [hep-ph/0312196].
[36] L. Vecchi, arXiv:1312.5695 [hep-ph].
[37] J. Gasser, H. Leutwyler and M. E. Sainio, Phys. Lett. B 253 (1991) 260.
[38] M. Hoferichter, C. Ditsche, B. Kubis and U.-G. Meißner, JHEP 1206
(2012) 063 [arXiv:1204.6251 [hep-ph]].
[39] C. Ditsche, M. Hoferichter, B. Kubis and U.-G. Meißner, JHEP 1206
(2012) 043 [arXiv:1203.4758 [hep-ph]].
[40] J. Engel, S. Pittel and P. Vogel, Int. J. Mod. Phys. E 1 (1992) 1.
[41] B. Kubis and R. Lewis, Phys. Rev. C 74 (2006) 015204
[nucl-th/0605006].
[42] V. Bernard, L. Elouadrhiri and U.-G. Meißner, J. Phys. G 28 (2002) R1
[hep-ph/0107088].
[43] M. R. Schindler, T. Fuchs, J. Gegelia and S. Scherer, Phys. Rev. C 75
(2007) 025202 [nucl-th/0611083].
[44] S. Weinberg, Phys. Rev. 112 (1958) 1375.
[45] A. Airapetian et al. [HERMES Collaboration], Phys. Rev. D 75 (2007)
012007 [hep-ex/0609039].
[46] K. A. Olive et al. [Particle Data Group Collaboration], Chin. Phys. C 38
(2014) 090001.
7
[47] M. Frink and U.-G. Meißner, JHEP 0407 (2004) 028 [hep-lat/0404018].
[48] M. Mai, P. C. Bruns, B. Kubis and U.-G. Meißner, Phys. Rev. D 80 (2009)
094006 [arXiv:0905.2810 [hep-ph]].
[49] M. Pavo´n Valderrama and D. R. Phillips, Phys. Rev. Lett. 114 (2015)
082502 [arXiv:1407.0437 [nucl-th]].
8
